The miR-19 family (miR-19a and miR-19b-1) are key oncogenic components of the miR-17-92 cluster. Overexpression of miR-19 is strongly associated with cancer invasion and metastasis, and poor prognosis of cancer patients. However, the underlying mechanisms remain largely unknown. In the present study, we found that enforced expression of miR-19 including miR-19a and miR-19b-1 triggered epithelial-mesenchymal transition (EMT) of lung cancer cells A549 and HCC827 as shown by mesenchymal-like morphological conversion, downregulation of epithelial proteins (e.g., E-cadherin, ZO-1 (zona occludens 1), and α-catenin), upregulation of mesenchymal proteins (e.g., vimentin, fibronectin 1, N-cadherin, and snail1), formation of stress fibers, and reduced cell adhesion. In addition, enhanced migration and invasion were observed in the cancer cells A549 and HCC827 undergoing EMT. In contrast, silencing of endogenous miR-19 reversed EMT and reduced the migration and invasion abilities of A549 and HCC827 cells. DNA microarray results revealed significant changes of the expression of genes related to EMT, migration, and metastasis of miR-19-expressing A549 cells. Moreover, siRNA-mediated knockdown of PTEN, a target of miR-19, also resulted in EMT, migration, and invasion of A549 and HCC827 cells, suggesting that PTEN is involved in miR-19-induced EMT, migration and invasion of lung cancer cells. Furthermore, lung cancer cells undergoing EMT induced by miR-19 demonstrated reduced proliferation in vitro and in vivo, and enhanced resistance to apoptosis caused by TNF-α. Taken together, these findings suggest that miR-19 triggers EMT, which has an important role in the invasion and migration of lung cancer cells, accompanied by the reduced proliferation of cells.
It has been reported that microRNAs (miRNAs) have critically important roles in carcinogenesis, cancer invasion and metastasis, and tumor angiogenesis. [1] [2] [3] [4] The miR-17-92 gene cluster encodes six miRNAs of four miRNA families: the miR-17 family including miR-17-5p and miR-20a, the miR-18 family (miR-18a), the miR-19 family (miR-19a and miR-19b-1), and the miR-92 family. Upregulation of these miRNAs have been widely reported in B-cell lymphoma and numerous solid tumors, such as lung, breast, colon, pancreatic, prostate, and stomach cancers. 1, 5 For e.g., the interaction between miR-17-92 and c-Myc contributed to the development of lymphomas in mice. 1 In addition, enforced expression of the miR-17-92 gene cluster promoted tumor cell proliferation of lung cancer, 6 esophageal cancer, 7 and hepatocellular carcinoma, 8 suggesting the oncogenic role of miR-17-92. Among the mir-17-92 gene cluster, the miR-19 family were considered as key oncogenic components based on experiments in mouse models of lymphoma. 9, 10 The present study aimed to investigate the role and mechanism of miR-19 in the progression of lung cancer.
Previous studies have also reported that upregulation of miR-19a and miR-19b-1 was associated with cancer invasion and metastasis, and poor prognosis of patients with early non-small-cell lung carcinoma (NSCLC), [11] [12] [13] gastric cancer, 14 and esophageal squamous cell carcinoma. 15 In addition, high levels of serum miR-19a and miR-19b-1 were considered as independent prognostic factors for poor survival of NSCLC patients. 12, 13 In a mouse model of c-Myc-driven B-cell lymphomas, Em-myc/miR-19b-1 lymphomas are highly invasive as lymphoma cells invaded the thymus and bone marrow, as well as visceral organs outside the lymphoid compartment, including the liver, lung, and, occasionally, the kidney. 10 More recent studies have reported that miR-19a or miR-19b-1 promoted the migration and invasion of cervical carcinoma cells, 16 colon cancer cells, 17 and gastric cancer cells through targeting the tumor suppressor MXD1, 14 and Hela, MCF7, and Huh7 cells through targeting TP53. 18 Taken together, these results support that miR-19 is involved in cancer invasion and metastasis; however, the underlying mechanisms remain largely unknown.
Interestingly, we observed in a preliminary experiment that lung cancer cells with miR-19 (miR-19a/miR-19b-1) overexpression exhibited typical spindle-shaped and fibroblastlike morphology, suggesting the occurrence of epithelialmesenchymal transition (EMT).
EMT is a central mechanism contributing to the invasion and metastasis of various cancers. 19, 20 Therefore, identification of key factors involved in EMT and investigation of the molecular mechanisms underlying EMT are of critical importance for understanding tumor invasion and metastasis, and developing novel interventions for the treatment of metastatic cancers.
Given that miR-19 is associated with cancer invasion and metastasis and EMT is the central mechanism underlying cancer invasion and metastasis, [10] [11] [12] [13] [14] [15] [16] [17] [18] the present study aimed to investigate whether miR-19 is able to induce EMT and enhance invasion and metastasis of human cancer cells. Our results showed that enforced expression of miR-19 in lung cancer cells induced EMT, which caused growth inhibition but elevated migration of the cancer cells.
MATERIALS AND METHODS Establishment of Lung Cancer Cell Lines Stably Expressing miR-19
The human lung cancer cell line A549-luc with luciferase (Luc) expression was purchased from Xenogen Corporation (MA, USA). The human lung cancer cell line HCC827 was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The A549 and HCC827 cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS). Construction of the lentiviral vector of pLV-miR-19 and the recombinant lentiviruses LV-con and LV-miR-19 were conducted according to the protocol described in the Supplementary Methods. The recombinant lentiviruses were then used to infect A549 and HCC827 cells. Successful overexpression of miR-19 was verified by quantitative real-time RT-PCR (qRT-PCR) (data not shown).
miRNA Transient Transfection
The human miR-19 inhibitor (miR-19a inhibitor and miR-19b-1 inhibitor) and a nonspecific miRNA inhibitor control (i.e., inhibitor control) were all purchased from Shanghai GenePharma (Shanghai, China). MiRNAs were transiently transfected into cells at a working concentration of 100 nmol/l using lipofectamine 2000 reagent (Invitrogen, CA, USA) in accordance with the manufacturer's procedure. Cells for total RNA isolation and the transwell migration assay or Boyden invasion assay were harvested 48 h after oligonucleotide treatment.
RNA Isolation and qRT-PCR
Total RNA was extracted from lung cancer cells using the Trizol reagent (TaKaRa) and reversely transcribed into cDNA using the PrimeScript RT reagent Kit (TaKaRa) according to the manufacturer's instruction. To quantify the expression of miR-19 and protein-coding genes, qRT-PCR was performed using a SYBR Green qRT-PCR master mix kit (TaKaRa) on a Stratagene Mx3000P qRT-PCR System according to the manufacturer's instruction. The primers used in qRT-PCR assay were listed in Supplementary Tables S1-S3. To measure the level of miR-19, U6 was used as an internal control, whereas GAPDH was used as an internal control for the mRNA expression analysis of protein-coding genes. All samples were normalized based on internal controls, and fold changes were calculated through relative quantification (2
− ΔΔCt
).
Western Blot Analysis
Total proteins were extracted from A549 and HCC827 cells, and western blot was conducted as previously described. Briefly, extracted proteins were separated by SDS-PAGE, and electrophoretically transferred to a polyvinylidene difluoride membrane. The blots were probed with primary antibodies and then horseradish peroxidase-labeled goat-antimouse IgG. Hybridization signal was detected using enhanced chemiluminescence. To measure the expression of different proteins, β-actin was used as a loading control. The antibodies used in this study are shown in Supplementary Table S4 .
Transwell Migration Assay and Boyden Invasion Assay
For the transwell migration assay, tumor cells (1 × 10 5 ) were seeded into the upper chamber (BD Biosciences, MA) with serum-free DMEM. Boyden invasion assay was conducted with matrigel (BD Biosciences) in the upper chamber. DMEM with 10% FBS was added into lower compartment as chemoattractant. A549 cells were allowed to migrate for 14 and 24 h in transwell migration assay and Boyden invasion assay, respectively. HCC827 cells were allowed to migrate for 22 and 46 h in transwell migration assay and Boyden invasion assay, respectively. Remaining cells in the upper chamber were removed using a cotton swap. The cells migrated to the lower surface of the membrane were fixed with 100% methanol, stained with hematoxylin, and counted in five randomly selected optical fields under a microscope.
Cell Adhesion Assay
Cell adhesion assay was performed according to the protocol previously described. 21 Briefly, miR-19-and vectorexpressing A549 cells were seeded onto culture dishes and grown to~90% confluence. The confluent monolayers were then washed with PBS and treated with 0.05 mM EDTA. Cells detachment was examined at different time intervals (2, 20, 30 , and 40 min) under a phase contrast microscope and cell adhesion was evaluated by counting the adherent cells.
Microarray Analysis
Microarray analysis was carried out using the Affymetrix Human Gene U133 Plus 2.0 array according to the manufacturer's standard protocol. This array contains 47 000 transcripts from 38 500 well-characterized human genes. RNA preparation was conducted according to the Affymetrix GeneChip Expression Analysis Technical Manual. Briefly, total RNA was extracted from frozen samples using TRIZOL reagents, purified, and concentrated using the RNeasy MinElute Cleanup kit and an on-column DNase treatment, respectively. RNA was quantified and qualified using a UV spectrophotometer at 260 and 280 nm. RNA integrity was checked by electrophoresis (1% formaldehyde denaturing gel) and stained with ethidium bromide. DNA labeling, hybridization, washing, and scanning were performed according to the standard operating procedure of CapitalBio Corporation. Briefly, total RNA was used to synthesize cDNA that was fluorescently labeled with Cy5 or Cy3-CPT using Klenow enzyme. Labeled cDNA was hybridized with probes on the Affymetrix Human Gene U133 Plus 2.0 array at 45°C for 16 h in an Affymetrix GeneChip Hybridization Oven 640. Array slides were then washed and stained in the Affymetrix Fluidics Station 450. Subsequently, array slides were scanned using Affymetrix GeneChip Scanner 3000, and the obtained images were analyzed using the LuxScan Version 3.0 (CapitalBio Corporation). LOWESS method was used for the normalization. A total of three biological replicates were performed.
Statistical t-test and multiple test corrections were conducted to identify genes with significant expression (increase or decrease). Significantly expressed genes were defined as genes with a false discovery rate o0.01 and twofold or higher change of expression based on three independent biological replicates. Data analysis was performed using the Significance Analysis of Microarray software (SAM 3.0, Stanford University, USA; http://www-stat. stanford.edu). Significantly expressed genes were grouped into functional categories according to the Gene Ontology (GO) information and analyzed using the Molecule Annotation System (http://bioinfo. capitalbio.com/mas3/). Biological pathways were identified according to known pathways in the KEGG database (http://www.genome.jp/kegg/). To validate the microarray results, qRT-PCR was performed to evaluate the expression of a number of significantly expressed genes identified through microarray analysis.
Luciferase Reporter Assay
The dual luciferase reporter gene plasmid (i.e., pLuc-PTEN--3′-UTR-wt) containing the putative miR-19-binding site at the 3′-UTR of PTEN mRNA was purchased from Kangbio (Shenzhen, China). Cells were seeded in 48-well plates and cultured for 48 h. The pLuc-PTEN-3′-UTR-wt plasmid was co-transfected into A549 with the miR-19a mimics, mimics control, miR-19a inhibitor, or inhibitor control using lipofectamine 2000 reagent (Invitrogen), respectively. Luciferase and Renilla activities were evaluated 48 h post transfection using the Dual Luciferase Reporter Assay Kit (Promega) according to the manufacturer's instructions. All experiments were performed independently in triplicate.
RNA Interference (RNAi)
RNAi was used to knock down PTEN expression. The specific siRNA duplexes targeting the human PTEN gene (sense: 5′-GAGCGUGCAGAUAAUGACAdTdA-3′; antisense: 3′-dAd TCUCGCACGUCUAUUACUGU-5′) were synthesized by RiboBio (Guangzhou, China). The siRNA duplexes with nonspecific sequence were used as a negative controls. Colony Formation Assay A549 and HCC827 cells infected with either LV-con or LV-miR-19 were counted, plated at 200 cells for the pooled population in six-well plates, and cultured with RPMI1640 complete culture medium for 10 days. Colonies were fixed with methanol and stained with hematoxylin. The plates were photographed after washing off the dye and the colony was counted under the microscope. At least three independent experiments were carried out for each assay.
Animal Tumor Models
The animal experiments were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Southern Medical University. 6 cells) were subcutaneously injected into the right or left dorsal thigh of mice (n = 6). All surgeries were performed under sodium pentobarbital anesthesia, and all efforts were made to minimize the suffering of animals.
Analysis of Caspase-3 and Caspase-8 Activities
The activities of caspase-3 and caspase-8 were evaluated using the commercial caspase-3 and -8 activity assay kits (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's instruction. Cells attached to the dish and in the supernatant were collected and lysed in 5 mM Tris-HCl (pH 8.0), 20 mM EDTA, and 0.5% Triton X-100 at 4°C. Ac-DEVD-pNA and Ac-IETD-pNA were used as substrates to measure the enzymatic activities of caspase-3 and caspase-8, respectively. Enzymatic activity assays were conducted on 96-well microtitre plates by incubating 10 μl proteins from cell lysate per sample in 80 μl reaction buffer (1% NP-40, 20 mM Tris-HCl (pH 7.5), 137 mM Nad, and 10% glycerol) containing 10 μl caspase-3 substrate (Ac-DEVD-pNA, 2 mM) or caspase-8 substrate (Ac-IETD-pNA, 2 mM). Lysates were incubated at 37°C for 4 h. Samples were measured on an ELISA reader (Bio-Tek ELX800) at the absorbance of 405 nm. The protein concentration of cell lysates was determined using the Bradford protein assay kit, and the results were presented as units of caspase activity per μg of protein.
Statistical Analysis
Data were presented as mean ± s.d. unless otherwise indicated of at least three independent experiments. Statistical analysis was performed using a SPSS 13.0 software package. Twotailed Student's t-test was used for comparisons between two independent groups. Statistical significance was assessed by the Student's t-test ( # Po0.05; *Po0.01). Figure S2) , respectively. Downregulation of endogenous miR-19a and miR-19b-1 in A549 and HCC827 cells, respectively, increased the expression of epithelial marker (i.e., E-cadherin) and concomitantly reduced the expression of mesenchymal markers (i.e., vimentin, FN1, and N-cadherin) (Supplementary Figure  S2) . Given that activation of the PI3K/Akt pathway is a major event of EMT, 22, 23 we examined the PI3K/Akt pathway in miR-19-expressing A549 and HCC827 cells. As shown in Supplementary Figure S3 , miR-19 overexpression increased the phosphorylation of Akt in A549 and HCC827 cells, which was accompanied by a change of the phosphorylation of GSK-3β, a downstream target of Akt. These results suggest that miR-19 overexpression activated the Akt/GSK-3β pathway in A549 and HCC827 cells. In addition, increasing evidence supports that Stat3 has an important role in EMT of cancer cells. [24] [25] [26] As shown in Supplementary Figure S3 Table S5 ).
The genes with significant express changes (Supplementary Figure S4 ) were submitted to the DAVID online tool (http://david.abcc.ncifcrf.gov/home.jsp) for GO annotation and pathway enrichment analysis. On the basis of GO terms, these genes were grouped into three major categories: biological process, cellular component, and molecular function. The GO terms representing biological processes related to EMT, migration, and metastasis are listed in Figure 2b and Supplementary Table S9 . Among the 853 genes with significant expression changes, 206 genes were related to EMT, migration, and metastasis (upregulated: 134; downregulated: 72) (Figure 2a ; Supplementary Tables S6   and S7 ). The GO terms representing cellular compartment and molecular function are listed in Supplementary  Table S10 .
Functional classification of the differentially expressed mRNA transcripts based on KEGG pathway analysis also demonstrated that the upregulated and downregulated genes are highly associated with focal adhesion, ECM-receptor interaction, regulation of actin cytoskeleton, cytokinecytokine receptor interaction, TGF-beta signaling pathway, insulin signaling pathway, leukocyte transendothelial migration, MAPK signaling pathway, cell adhesion molecules, tight junction, and gap junction (Figure 2c ; Supplementary  Table S9) .
To validate the microarray results, qRT-PCR was used to measure the expression of 18 genes (Figure 2d ). The Table S7 ). However, TWIST1 and TWIST2 without significant expression changes based on microarray were found to be significantly downregulated based on the qRT-PCR assay (Figure 2d ). These inconsistent results may be On the basis of these results, miR-19 overexpression activated a number of EMT-and mobility-related genes in lung cancer cells, which is likely responsible for the switch on of the epithelial to mesenchymal gene expression program, as strongly supported by mesenchymal-like morphological conversion (Figure 1a) , decreased cell adhesion (Figure 3a) , and increased cell motility (Figure 3b ) and invasion (Figure 3c ).
Ectopic Expression of miR-19 Restored Disrupted Cytoskeleton in Lung Cancer Cells
The RhoA/ROCK-dependent pathway is involved in EMT and cytoskeletal signaling events that are crucial for cell motility. Cytoskeletal reorganization characterized by the formation of stress-fiber-bundling arrays is an important event in endocytosis, cell motility, and cancer cell invasion. 19, 27, 28 As shown in Supplementary Figure S5 and Supplementary  Tables S7 and S8 , microarray analysis identified a number of cytoskeleton-related genes with significant upregulation (SPARC, TAGLN, CTGF, RHOU, RASGRP3, RHOB, PDGFA, ITGB6, ITGA5, PDGFC, RDX, and PALLD) and downregulation (ITGB4, ITGB8, MYO5C, MYO15B, VAV3, PLS1, ARHGAP26, and HOOK1) in the A549 cells undergoing EMT induced by miR-19. The GO terms related to cytoskeleton such as small GTPase-mediated signal transduction, regulation of cell shape, actin filament bundle formation, ruffle organization and biogenesis, barbed-end actin filament capping, and negative regulation of actin filament depolymerization are listed in Figure 2b and Supplementary  Table S9 . Functional classification of the differentially expressed mRNA transcripts based on KEGG pathway 
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analysis also indicated that the some upregulated or downregulated genes were highly associated with the regulation of the actin cytoskeleton (Figure 2c ; Supplementary Table S9) . The GO terms representing cellular compartment (e.g., cytoskeleton, filopodium, lamellipodium, cortical actin cytoskeleton, ruffle membrane, actin cytoskeleton, ruffle, filamentous actin, cell projection, intermediate filament, and actin filament) and molecular function (e.g., actin binding, GTPase activity, and actin filament binding) related with cytoskeleton are listed in Supplementary Table S10 .
The expression changes of the genes involved in cytoskeleton regulation prompted us to examine the status of stress fiber formation and polymerized actin in miR-19-expressing cells. Using phalloidin staining, we found that the disrupted F-actin stress fiber (polymerized actin) networks were restored in both miR-19-expressing A549 and miR-19-expressing HCC827 cells (Figure 1d ). Therefore, ectopic expression of miR-19 promoted the formation of stress fibers in lung cancer cells.
These morphological alterations of the cytoskeleton are characteristics of EMT, in which epithelial cells lose polarity, cell-cell contacts, and cytoskeletal integrity, and acquire metastatic abilities. 19, 27, 28 In summary, these results suggest that miR-19 overexpression induced EMT, and enhanced the mobility and invasion of lung cancer cells in vitro.
Decreased Cell Adhesion and Increased Cell Motility and Invasion of Lung Cancer Cells Undergoing EMT Induced by miR-19
Given the significant expression changes of genes involved in EMT and cell motility, we further investigated the adhesion, motility, and invasion abilities of miR-19-expressing lung cancer cells based on cell adhesion and migration assays. We found that miR-19-expressing A549 cells exhibited significantly reduced cell adhesion ability compared with control cells (Figure 3a) , which was consistent with the expression changes of genes related to cell adhesion (e.g., E-cadherin and N-cadherin) (Figures 1b-d Figure S1) . Therefore, there is a negative correlation between miR-19 and PTEN in lung cancer.
We further performed a luciferase reporter assay to determine whether miR-19 directly targets the 3′-UTR of PTEN in lung cancer cells. Transient transfection of wild-type PTEN-luc reporter with miR-19a mimics into A549 cells led to a significant decrease of luciferase activity compared with the mimics control (Figure 4b ), whereas transient transfection of wild-type PTEN-luc reporter with miR-19a inhibitor led to a significant increase of luciferase activity compared with the inhibitor control (Figure 4b ). These observations suggest that PTEN is a direct target of miR-19 in lung cancer cells.
To elucidate whether miR-19-induced EMT and miR-19-enhanced cell motility and invasion were mediated by PTEN, we silenced PTEN expression in A549 and HCC827 cells using siRNA. Our results demonstrated that similar to the ectopic miR-19 expression, siRNA-mediated knockdown of PTEN induced EMT, migration, and invasion of A549 and HCC827 cells (Figure 4c and d) , suggesting that PTEN was involved in miR-19-induced EMT, cell migration, and invasion.
miR-19 Inhibited the Growth of Lung Cancer Cells Undergoing EMT Induced by miR-19 Expression
It has been reported that miR-17-92 gene cluster is frequently upregulated in human lung cancers, and improves the proliferation of cancer cells. 6 However, we observed that A549 cells undergoing EMT induced by enforced expression of miR-19 exhibited low proliferative potential ( Figure 5 ; Supplementary Figure S7) , which was not consistent with previous studies. 1, 5, 10, 29 (Figure 5c ). These results suggest that the growthsuppressive effect of miR-19 was partially due to a G1-phase arrest. In addition, we also observed that miR-19 suppressed the growth of tumors derived from A549 cells in nude mice (Figure 5d-f; Supplementary Figure S8) . To identify genes involved in the growth inhibition, the mRNA levels of a number of cell-cycle regulators and proliferation-associated molecules in A549 cells were examined by microarray and qRT-PCR (Figure 5g and h; Supplementary Table S11 ). Microarray analysis revealed the upregulation of GNG4, MXD1, BCAT1, E2F7, and DAB2 and the downregulation of Betacellulin (BTC), Ets homologous factor, epiregulin (EREG), E2F transcription factor 8, and cell division cycle-associated 7-like (CDCA7L) (Figure 5g ; Supplementary Table S11 ). In addition, qRT-PCR results demonstrated that the levels of E2F1, E2F2, CCNA2, and CCNB1 were significantly decreased, whereas the levels of tumor suppressor p21CIP1 was increased at least 3.5-fold by miR-19 overexpression (Figure 5h) . Unexpectedly, miR-19 increased the mRNA level of CDK6 (Figure 5h ; Supplementary Table S11), whereas the mRNA levels of cyclindependent kinase 2 and 4 (CDK2, CDK4) and cyclin D1 (CCND1) remained unaltered by miR-19 overexpression (Figure 5h) . Therefore, overexpression of miR-19 in A549 cells undergoing EMT changed the expression of a number of cell-cycle regulators and cell growth-related proteins.
In summary, miR-19 inhibited the growth of lung cancer cells undergoing EMT through G1-phase arrest; however, the detailed mechanisms are still not clear.
miR-19 Promoted the Survival of Lung Cancer Cells Undergoing EMT Induced by miR-19 Expression
Cells undergoing EMT typically exhibit increased resistance to apoptosis. [30] [31] [32] [33] [34] Therefore, we evaluated whether lung cancer cells undergoing EMT induced by miR-19 are more resistant to cell death. The microarray results revealed the upregulation of a number of anti-apoptosis genes such as BCL2-related protein A1 (BCL2A1), chemokine (C-C motif) ligand 2 (CCL2), tumor necrosis factor, alpha-induced protein 3 (TNFAIP3), matrix metallopeptidase 9, tumor protein p53-inducible nuclear protein 1 (TP53INP1), myeloid cell leukemia sequence 1 (BCL2-related, MCL1), baculoviral IAP repeat-containing 3 (BIRC3), and X-linked inhibitor of apoptosis (XIAP), and the downregulation of a number of pro-apoptosis genes such as TNFRSF11A, BTC, CD24, cell division cycle and apoptosis regulator 1 (CCAR1), and caspase 4 (Figure 6a ; Supplementary Table S12). All GO terms representing biological processes listed in Figure 6b were related to apoptosis, including anti-apoptosis, negative regulation of apoptosis, induction of apoptosis, positive regulation of apoptosis, and regulation of apoptosis. Furthermore, the results of the qRT-PCR assay of selected genes including BCL2A1, XIAP, IL1RAP, IRAK2, TNFAIP3, IGFBP3, and TNFRSF11A were consistent with the microarray data ( Figure 6c) .
Next, we checked whether miR-19-expressing cells were resistant to apoptosis induced by proapoptotic signal such as TNF-α. Most vector-expressing A549 cells died within 16 h after TNF-α treatment; however, most miR-19-expressing A549 cells survived with TNF-α treatment (Figures 6d-1) . Caspase-8 is specifically recruited to death receptors and autoactivated to initiate the apoptotic pathway. Accordingly, we found that TNF-α treatment activated caspase-8 in vector-expressing A549 cells (Figure  6d-2) . An approximately threefold decrease in the activity of caspase-8 was observed in miR-19-expressing A549 cells after 16 h of TNF-α treatment compared with that of vector-expressing A549 cells (Figure 6d-2) . These results suggest that the death of vector-expressing A549 cells was induced by activation of the apoptotic pathway (Figure 6d-2) . As expected, the activity of the initiator caspase-8 correlated with that of caspase-3 (the effector) (Figure 6d -2), suggesting that miR-19 overexpression prevented TNF-α-induced death of A549 cells undergoing EMT. Therefore, miR-19 enhanced the antiapoptotic ability of lung cancer cells undergoing EMT.
DISCUSSION
Invasion and metastasis, the most significant features of cancers, are commonly used as prognostic factors to evaluate the survival of cancer patients. Therefore, understanding the molecular mechanisms of cancer invasion and metastasis may lead to the identification of novel therapy approaches against cancers. 19, 27, 28 Given that EMT has an important role in cancer invasion and metastasis, we investigated the molecular mechanisms of EMT in lung cancer cells, which may allow us to identify key factors involved in cancer invasion and metastasis.
It has been reported that miR-19 was dysregulated in various cancers, and miR-19 upregulation strongly correlated with gain of invasive and metastatic properties and poor prognosis of patients with NSCLC, [11] [12] [13] gastric cancer, 14 and esophageal squamous cell carcinoma. 15 Moreover, the expression of miR-19 was significantly higher in the lessinvasive breast cancer MCF7 cells than the more-invasive MDAMB-231 cells, and the expression of a positive regulator of tumor angiogenesis and metastasis was negatively regulated by miR-19 in breast cancer cells, 35 suggesting that miR-19 inhibited the metastasis of breast cancer. In osteosarcoma cells, the expression of miR-19a was higher in metastatic LM7 cells with low expression of Fas than the parental nonmetastatic SAOS-2 cells with high expression of Fas. 36 Recent studies have shown that miR-19a and miR-19b-1 promoted the migration of cervical carcinoma cells 16 and colon cancer cells. 17 In addition, it has been reported that miR-19a/b facilitated the migration, invasion, and metastasis of gastric cancer cells by targeting the tumour suppressor MXD1. 14 miR-19 overexpression induces EMT of lung cancer cells J Li et al Furthermore, Fan et al. 18 reported that miR-19b promoted the migration, invasion, and metastasis of Hela, MCF7, and Huh7 cells by targeting TP53. These studies strongly support that miR-19 has a central role in cancer invasion and metastasis by regulating different targets; however, the underlying mechanisms are largely unknown. EMT is a characteristic event in the invasion and metastasis of various cancers. 19, 20 Increased evidence shows that miRNAs are closely associated with EMT, invasion, and metastasis of cancer. [37] [38] [39] [40] [41] For e.g., let-7, miR-30a, miR-125a-5p, miR-126, miR-183, miR-200, miR-21, miR-221, miR-222, and miR-328 have important roles in EMT, invasion, and metastasis of lung cancer. [42] [43] [44] [45] [46] [47] In this study, we found that enforced expression of miR-19 (i.e., miR-19a and miR-19b-1) in lung cancer cells A549 and HCC827 cells triggered EMT, as shown by mesenchymal-like morphological changes, downregulation of epithelial proteins (e.g., E-cadherin, ZO-1, and α-catenin), upregulation of mesenchymal proteins (e.g., vimentin, FN1, N-cadherin, or snail1), formation of stress fibers, reduced cell adhesion, and enhanced cell migration and invasion. In addition, DNA microarray results also highlighted the expression of genes involved in EMT, migration, and metastasis in miR-19-expressing A549 cells. These observations suggest that miR-19 induced EMT, which contributed to the invasion and metastasis of lung cancers.
Actin polymerization and depolymerization, which allow cells to protrude at the anterior front, are prominent events in cell movements to designated directions. 48 Concurrently, consecutive actomyosin contraction and separation from the posterior end further drive cells to move. 48 Actin polymerization is also involved in the formation of stress fibers. 48 Therefore, dysfunction of actin polymerization leads to reduced motility and invasion of cells. 48 In the present study, our results demonstrated that exogenous expression of miR-19 in A549 and HCC827 cancer cells restored the formation of stress fibers, suggesting that miR-19 regulated lung cancer cell migration and invasion through promoting the formation of stress fibers.
We also provided evidence supporting that PTEN was a potentially functional target of miR-19 and was involved in miR-19-induced EMT. Our results showed that miR-19 directly bound to the complementary sites of 3′-UTR of PTEN (Figure 4a) , and markedly decreased the protein level of PTEN in lung cancer cells (Figure 4c ; Supplementary Figure S9B ). It has been reported that loss of function or downregulation of PTEN resulted in tumor metastasis, and more aggressive growth behaviors of tumor, and/or poor prognostic phenotypes. 42, [49] [50] [51] [52] [53] [54] [55] [56] [57] In addition, miR-19 upregulation was observed in various cancers including lung cancer, and correlated with tumor metastasis and/or poor prognosis of cancer patients. [11] [12] [13] [14] [15] 18 Given that miRNAs primarily function through inhibiting the translation of their mRNA targets, we propose that miR-19 might be a negative regulator for PTEN, which has been reported by other researchers. 10, 29, 58, 59 In addition, miR-19 increased the resistance to apoptosis of mouse B-cell lymphoma, 10, 29 and chemoresistance of human breast cancer 58 and gastric cancer 59 through directly repressing PTEN expression. These studies further support our hypothesis that miR-19 inhibits the expression of PTEN. Next, we continued to determine whether miR-19 positively modulates EMT, migration, and invasiveness of cancer cells in vitro via regulation of PTEN. Increasing evidence supports that inactivation or downregulation of the tumor suppressor PTEN can trigger EMT of cancer cells, [60] [61] [62] [63] which then promoted the invasion and metastasis of various cancers including lung cancer. 42, [49] [50] [51] [52] [53] [54] [55] [56] [57] It has been reported that PTEN negatively regulated the PI3K/ Akt pathway through the dephosphorylation of PI(3,4,5)P3, and ultimately participated in the regulation of cell cycle, proliferation, apoptosis, adhesion, and EMT during cancer progress. 63 In the present study, we found that PTEN silence through RNA interference mimicked miR-19-induced EMT, and promoted the migration and invasion of tumor cells, which were similar as the results caused by miR-19 overexpression. Taken together, miR-19 triggered EMT and improved the invasion and metastasis of cancer cells through inhibiting the expression of PTEN.
Interestingly, we found that miR-19-overexpressing lung cancer cells exhibited reduced proliferation and enhanced survival during the process of EMT. It seems that the proliferation inhibition of miR-19 in lung cancer cells is inconsistent with its oncogene role. 1, 5, 6, 10, 16, 17, 29 It has been reported that EMT contributed to the invasion and migration of tumor cells, and EMT was attributed to the metastatic dissemination and the resistance of tumor cells to radiotherapy, chemotherapy, and apoptosis. 19, 32, 39 Tumor cells undergoing EMT are typically found at the edge of tumors, account for a small proportion of primary cancer, and have low proliferative rates. Strong evidence suggests that reduced proliferation cooperates with EMT to drive cancer cells to reach their new destinations before efficient proliferation. [30] [31] [32] 34, 64, 65 In addition, the products of EMT-induced genes, such as Snail1, 34 ZEB2/SIP1, 65 and Y-box-binding protein-1 (YB-1) 32,64 exhibited strong antiproliferative activities by inhibiting the cell cycle of tumor cells undergoing EMT, which is consistent with our results. Previous studies and our results suggest that upregulation of cell proliferation is important for the initiation and maintenance of primary tumors, while growth inhibition is crucial for the invasion and migration of tumor cells. 31, 32, 34, 64, 65 Taken together, the oncogene miR-19 can promote the proliferation of tumor cells during the initiation and maintenance of primary tumors, and induce EMT of tumor cells to enhance tumor invasion and metastasis, suggesting functional transition of miR-19 at different stages of tumor development.
Resistance to apoptosis confers a selective advantage to invasion and migration of cells during both embryonic development and tumor metastasis. [30] [31] [32] [33] [34] In addition, tumor cells undergoing EMT are more resistant to apoptosis. [30] [31] [32] [33] [34] Reduced proliferation may increase the resistance to apoptosis of cancer cells undergoing invasion and metastasis. 32 Antiapoptotic activity is another common feature of the genes induced by EMT, such as Snail1, 30, 34, 66 ZEB2/SIP1, 31, 39, 67 YB-1 32, 64 and miR-19 (the present study). Therefore, resistance to apoptosis conferred by miR-19 provides a selective Figure S10 , overexpression of miR-19 led to the loss of epithelial markers, the expression of mesenchymal markers, changes of cell shape, and the acquisition of motility and invasive properties, and apoptosis resistance of lung cancer cells.
In summary, we demonstrated that upregulation of miR-19 induced EMT and promoted the invasion of lung cancer cells, but the roles of miR-19 in the metastasis of lung cancer cells and the underlying mechanisms remain to be well investigated in the future. In addition, enforced expression of miR-19 resulted in reduced proliferation of tumor cells undergoing EMT, which has not yet been reported in other human cancers. These slow-growing, apoptosis-resistant, and highly invasive lung cancer cells are likely insensitive to therapeutic interventions that primarily target highly proliferating cells. The underlying mechanisms remain to be fully explored in the future. Interestingly, miR-19-expressing lung cancer cells appear to possess several stem cell features, including low proliferation rates and upregulation of the stem cell markers CD133 and Bmi-1 (data not shown). Thus, further investigations are necessary to determine whether miR-19 reexpression and EMT inducers are associated with cancer stem cell phenotypes. 39 Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org)
